were made of a) the continuous distribution of ventilation-perfusion ratios (J?A/@, b) the vertical distribution of pulmonary blood flow, and c) the dimensions of the microvasculature.
Without PEEP the distributions of ventilation and perfusion were unimodal and centered on a VA/Q close to one. Dependent regions received 5-10 times more of cardiac output than uppermost regions. With PEEP the distribution showed a bimodal character, one mode of normal VA/Q and the other comprising one-third of ventilation, lying between VA/Q of 10 and 100. Cardiac ouptut was reduced two-to threefold and blood flow in the uppermost regions was grossly reduced but not eliminated.
Bimodal distributions were also found in isolated lungs with PEEP, and histological examination of rapidly frozen lung tissue showed that alveolar capillaries were closed in the uppermost, poorly perfused regions, whereas alveolar
corner vessels remained open We suggest that the blood flow through these corner vessels is responsible for the additional, high VA/Q mode during PEEP.
perfusion; perfusion
positive ratio end-expiratory pressure; lung; ventilation THE DISTRIBUTION of ventilation-perfusion ratios (VA/Q as assessed by the method of multiple inert gas elimi > nation (6, 20) has been shown to comprise a single narrow mode in normal lungs (18) . In both normal aid abnormal dog lungs that had a single VA/Q mode initially, a distinctly bimodal distribution -involving the addition of a high VA@ mode-developed when the dog was ventilated mechanically with positive end-expiratory pressure (PEEP) (4) . The subject of this paper is the physiological basis underlying the development of this high VA/Q mode.
Data are presented on the distribution of ventilation Catheterization. Catheters were introduced via neck veins to the main pulmonary artery and the right atrium and via the femoral vessels to the abdominal aorta and inferior vena cava. Catheters were also introduced to the upper end of the tracheostomy tube. Pressures were recorded from aorta, pulmonary artery, and trachea (Statham transducers, Brush recorder). Blood samples for inert gas measurements and blood gas analysis (Radiometer electrodes) were drawn from the pulmonary artery and aorta. Expired 0, and CO, concentrations were monitored continuously by means of a mass spectrometer (Perkin Elmer MGA-llOO), to which one of the tracheal catheters was connected. The right arterial catheter was used for injection of microspheres (see below 
METHODS

Intact Dog Experiment
Eight mongrel dogs (15-23 kg) were used. After induction of anesthesia (pentobarbital sodium, 30 mg/ kg iv), the dogs were tracheotomized, paralyzed (gallamine, 60-100 mg iv), and mechanically ventilated on air, using a Harvard respirator at constant volume and rate. The respirator settings were adjusted to produce arterial Pco2 levels between 30 and 40 Torr.
All studies were performed with the dogs supine. From time to time supplemental pentobarbital and gallamine were administered in doses of 50 and 20 mg iv, respectively.
The dog was sighed every 110 min when not on PEEP. PEEP at a single level of about 20 cmH,O was applied by means of a water trap. box. Gas concentration and blood-gas partition coefficients were measured using a gas chromatograph (Beckman 72-5) (19) . Arterial-mixed venous and mixed expired-mixed venous concentration ratios were plotted against blood-gas partition coefficients (retention-solubility and excretion-solubility curves); and by numerical computer analysis these relationships were transformed into a multicompartmental plot of blood flow and ventilation against VA/Q (6).
with the inert gas measurements (by Fick principle) and the total count rate for each isotope (summing up all slices), it was possible to calculate the absolute blood flow in each slice.
Isolated Lung Experiment
Details of the method have been presented elsewhere (6, 18, 19) and will therefore not be described here. It should be stressed that several distributions of VA/($ are compatible with a measured set of retentions and excretions for the six inert gases (6, 12) . However, the range of possible distributions around the representative distributions reproduced in the present study is not sufficiently great to affect the physiological implications (6, 16) .
Distribution ofpulmonary blood flow. Isotope-labeled microspheres were injected into the right atrium of the dog and the resulting regional lodging of the microspheres was considered to be proportional to the distribution of blood flow at the time of injection (5, 13) . The microspheres were polystyrene beads that had been made radioactive and then annealed (3M tracer microspheres). Average size was 15 pm (range lo-20 pm> and density 1.3. The isotopes used were 141Ce, W, and YSr. These isotopes were separated by pulse-height energy spectrometry (gamma counter, Packard 5360, multichannel analyzer, Packard 9013), their photo peaks being 151 keV, 325 keV, and 516 keV, respectively. Spillover activity, i.e., the activity of one isotope read in the pulse-height window of another isotope, was corrected for. The approximate doses injected were 100 PC1 of 14Ce and s5Sr and 700 &i of "'0, resulting in equal total count rates when the activity of the lungs was measured.
The total number of microspheres injected was 4-5 million for 141Ce and *5Sr and 2-2.5 million for "'Cr; the numbers were chosen to give good precision in the measurements (cf. Ref.
2) without untoward effects on the pulmonary circulation.
Six mongrel dogs, average weight 21 kg (range 18-23 kg), were anesthetized and ventilated as described previously.
The chest was opened and the left lung was carefully freed. The animal was heparinized (2,000 U/ kg) and 600 ml of blood were removed over a lo-to 15-min period. The heart was then fibrillated with an electrocautery.
The left main bronchus, the left pulmonary artery, and the left atria1 appendage were cut and the lung was taken out. Glass cannulas were introduced into the bronchus, artery, and atria1 appendage, care being taken that no air could enter the artery. The lung was suspended in a Lucite box, the apex supported by a clamp attached to the top of the box. The lung was perfused in a closed circuit with blood previously removed from the dog. The closed circuit involved a roller pump (Sarns), a gas trap, a heat exchanger, a venous reservoir that could be moved in a vertical direction, and an electric stirrer connected to the reservoir (technical setup in Fig. 1 ). Pressures were recorded by saline manometers and corrections were made for the pressure differences between the measuring point and the pulmonary artery or vein. The lung was ventilated with positive pressure; and a rubber bag attached to the box Thus pulmonary artery and airway pressures, as well as arterial PO, and PcoZ, remained the same after the injection, and repeated measurements of VA/Q distributions before and after the injection of microspheres showed no differences in any of the three dogs studied. The microspheres were injected over a 15-s period, covering at least three respiratory cycles. At the end of the procedure the animal was heparinized and then killed. The chest was opened, the lungs inflated, and horizontal lines drawn along the surface of the lung. The lungs were then removed intact and the pulmonary vessels rinsed with saline (perfusion pressure 30 cmH,O). The lungs were kept inflated at 30 cmH,O and allowed to dry for 5 days. The lobes were then cut separately into l-cm-thick slices along the drawn lines and thus perpendicular to the vector of gravity. The surface area of each slice was planimetered and correction was made for slant edges. The slice was then put into one or more tubes, depending on the expected count rate, and its activity measured in the gamma counter.
Having obtained the cardiac output text. way to those in intact dogs. However, the infusion rate was reduced to 1.2 ml/min and extreme care was taken not to lose inert gases from the closed circuit. Thus all tubings were wrapped with aluminum foil, as was the venous reservoir.
Initial infusion time was approximately 15 min, preliminary studies indicating a faster equilibration rate of the inert gases in the isolated lung preparation than in the intact dog. Freezing procedure.
The lung was marked with a soft felt pen at 5-cm intervals next to the strip of lung to be frozen (9) . A brass tube with fine holes 5 mm apart from top to bottom was connected to a funnel and set next to the lung. Airway and pulmonary artery pressures were measured immediately prior to the freezing that was performed with the PEEP applied, during no ventilation. Stable, nonvarying pressures were thus obtained and used for determining the level of the junction between zone I and II during the subsequent histological examinations.
Freezing was done by pouring Freon 22 cooled to -155°C into the funnel so that it sprayed a vertical strip of lung for 35-40 s. The lung was rapidly cut down (10 s) and plunged into a tub of liquid nitrogen.
Care was taken to keep the lung submerged in liquid nitrogen during all subsequent handling.
A specially designed drill yielded plugs of lung measuring 1 cm in diameter.
The lung was sampled at 5-cm intervals from apex to base and all drilling was done with the lung submerged in liquid nitrogen. The plugs were freeze-dried (Thermovac freeze dryer) at -5O"C, at a pressure between 0.01 and 0.03 Torr for 5 days. The dryer was fitted with a P,O, trap.
Histological preparation.
The tissue plugs were trimmed to a depth of less than 5 mm and immersed in fixative solution of ether-alcohol (1:l) for 3 h. The plugs were then advanced into flexible collodion (Mallinckrodt no. 4580) from 2 to 10% in strength for 12-15 h. This was followed by three changes in chloroform. Embedding in paraffin was done under vacuum at 10, 15, and 25 Torr for 1 h each. The plugs were cut on a rotary microtome in Z-pm-thick ribbons, which were floated out on an ethanol-water bath at room temperature and then transferred to a pure water bath warmed to 45°C. The sections were mounted on glass slides and stained either with Biebrich's scarlet with aniline blue or with hematoxylin (3, 10 
RESULTS
Intact Dog Experiment
Mechanical ventilation without PEEP. Mean data on overall gas exchange and central circulation are shown in Table 1 . Plots of inert gas data and alveolar ventilation and blood flow against VA/Q ratio are shown in Fig. 2 (upper panels) for a typical dog. As can be seen, there was a single narrow mode centered in this case on a VA@ of about 2.0. There was no shunt in any dog. Dead space, comprising mechanical, anatomical, and alveolar deadspaces (VA/$ > loo), averaged 34% of tidal volume.
The vertical distribution of pulmonary lobar blood flow is shown in Fig. 3 with examples taken from the right lung. Corresponding left lung lobes showed the same pattern. (Right and left middle lobes displayed flow curves similar to those in the upper lobes; the right intermediate lobe was not studied except for total lobar blood flow.) As shown in Fig. 3 , all parts of the lung were perfused, with an increase down the lobe, so that dependent regions received 5-10 times more per unit lung volume than uppermost regions. A small decrease in blood flow was observed right at the bottom of each lobe.
Mechanical ventilation with PEEP. The application of PEEP raised airway pressure. Because airway pressure displayed larger variations during a tidal breath with PEEP than without, the increment to mean airway pressure became larger than the applied PEEP (Table  1) . Minute ventilation was kept approximately con- stant, but because the size of deadspace almost doubled, probably due to dilatation of conducting airways (4), alveolar ventilation was reduced. Cardiac output was reduced two-to threefold and pulmonary artery pressure was increased almost as much as airway pressure. With PEEP the VA/Q showed a bimodal distribution in all dogs, one peak being located approximately. as previously and one peak positioned within the high VA/ & region (Fig. 2 , lower panels, Table 2 ). The latter peak comprised approximatelv one-third of the total alveolar ventilation.AThere was again no shunt. The blood flow measured by radioactive microspheres was grossly reduced in the nondependent regions of the lobes but not eliminated.
Moreover, blood flow remained at this low value per unit lung volume, down to two-thirds or onehalf of the height of the upper and middle lobes, and for a shorter distance in the lower lobe, and then increased rapidly down the lobe (Fig. 3) . In the most dependent region of the lower lobes, blood flow was slightly reduced again. The amount of lung tissue being poorly perfused was calculated by summing up the volumes of corresponding lung tissue slices (e.g., the upper 5-6 cm of the right upper lobe and 3 cm of the right lower lobe shown in Fig. 3 measured on PEEP, only a single mode of VA/Q was recoverd. The nondependent lobar region was poorly perfused, but blood flow increased gradually from the top to near the bottom of the lobe, in contrast to the constant low blood flow in nondependent regions with PEEP. Pulmonary artery pressure (Table 3 ) was low. The results obtained with the other two dogs were similar to these.
The lower panels in Figs. 4 and 5 and Table 3 show the results from a dog 1) without PEEP, 2) with PEEP, and 3) still on PEEP with cardiac output increased to approximately the same level as before PEEP. Single and bimodal VA/Q distributions were obtained without and with PEEP respectively, and the blood flow in the upper lobar region was markedly reduced with PEEP, as in the previous measurements.
When cardiac output was increased during PEEP, pulmonary artery pressure rose markedly (Table 3) , an upper lobar blood flow was resumed, and simultaneously the high VA/Q mode vanished. The other dog gave similar results.
Isolated Lung Experiment
In order to establish well-defined ventilation and perfusion pressures and to enable histological examinations of rapidly frozen lung tissue, additional studies were performed on isolated, perfused lung preparations.
Distribution of ventilation-perfusion ratios. Ventilation volumes and perfusion flow, as well as airway and blood pressures, are given in Table 4 . During mechanical ventilation without PEEP the VA/Q distribution showed a single mode (Fig. 6) , although in three of six lung preparations a small left shoulder could be seen, indicating that about 4% of cardiac output perfused regions with a low VA/Q. The mean VA@ was 7.2 t 3.6. There was no shunt.
With a PEEP of 22 cmH,O the ventilation volumes were maintained while perfusion flow was adjusted, by changing the pump speed, so that arterial pressure in nondependent regions was less than the applied PEEP. This resulted in a reduction of blood flow to approximately one-third of previous value. By this means part of the lung was in zone I, i.e., the approximately calculated tracheal mean pressure exceeded pulmonary artery mean pressure in the upper one-third to one-half of the lung (Table 4) . Under these conditions the distribution of VA/Q showed a bimodal character, resembling the one recovered from intact dogs on PEEP (Fig. 6 ). The mean VA/Q for each mode was 2.3 t 0.2 and 37 t 3, respectively; and the share of ventilation was 29 t 13% and 71 t 13%. In one lung preparation perfusion pressure was allowed to increase (by not reducing perfusion flow) when PEEP was applied, thus maintaining the whole lung in zone II. In this single experiment, only one mode of VA/Q was obtained.
Microscopy.
The rapid freezing and subsequent handling of lung tissue were successful in only three of five studies, but the results from these were very similar as can be seen in Fig. 7 75.7 t-4.3 pm), indicating an even expansion of the lung parenchyma.
The number of red blood cells per 10 ,um of septum (i.e., red cells in alveolar capillaries) increased from apex to base (Fig. 6, upper panel) , and a significant regression line could be fitted to these data. When the data from zones I and II were treated separately, significant regression lines were again obtained, but with different slopes (see Fig. 7 , upper panel). Thus, a smaller change in the number of red blood cells against vertical distance was found in zone I than in zone II. The red blood cells in samples from zone I were apparently trapped in the alveolar capillaries (Fig. 8) . The red blood cells were flattened and lined by the vascular wall. By contrast, the red blood cells in samples from zone II appeared to be freely moving, and several cells did not touch the vascular wall.
The number of red blood cells in corner vessels (lower panel in Fig. 7) increased linearly from the top to the bottom of the lung and the separate treatment of data from zones I and II resulted in similar regression lines. The red blood cells seemed not to be trapped in any sample, whether from zone I or II (Fig. 8) . DISCUSSION A bimodal distribution of VA/Q was found in dogs on increase in blood flow by means of dextran infusion abolished the bimodal distribution although the dog was still on PEEP. A bimodal distribution was also recovered in isolated lungs when part of the lung was in zone I. These findings strongly suggest that the small amount of residual blood flow in the nondependent lung region was responsible for the development of a high VA/Q mode in the distribution of ventilation-perfusion ratios. This means that a small amount of blood flow exists in the lung regions where alveolar pressure exceeds capillary pressure. How the histological findings explain this apparent contradiction will be discussed in the following paragraph.
Alveolar
Capillaries and Corner Vessels
The uppermost lo-15 cm of the isolated lung preparation was subjected to a higher alveolar than pulmonary artery pressure when a PEEP of 19-24 cmH,O was applied. Within this region alveolar capillaries were markedly compressed and only a few, obviously trapped red blood cells were found in the capillaries. The present data agree with those by Glazier et al. (91, who also found it remarkable that there were fewer red blood cells higher up than low down in zone I. In the present study, the separate treatment of data (red blood cells per 10 pm of septum) from zone I resulted in a flatter slope of the regression line (against lung distance) than for the data from zone II. This may indicate that a certain squeezing of red blood cells occurred when alveolar pressure exceeded capillary pressure. In contrast to the alveolar capillaries, corner vessels in zone I were open and contained more red blood cells. The cells seemed not to be trapped and there was no difference in the slope of the regression lines if data (red blood cells in corner vessels against distance) from zones I and II were treated separately.
This presumably means that the corner vessels were exposed to different stresses from those affecting alveolar capillaries, and that they were held open by tension in the alveolar walls. The impression that the corner vessels conducted a certain blood flow, even in zone I, is supported by findings of Rosenzweig et al. (14) , who, working on isolated lungs, measured a small blood flow through the lung even when alveolar pressure exceeded vascular pressures by 10 cmH,O. India ink injections showed that the communications most likely were through the corner vessels.
Derivation
of VA/Q! Distribution from Regional Lung Blood Flow
The distribution of regional lung blood flow as measured by the microspheres may also be used for the construction of a distribution of VA&), if some distribution of ventilation is assumed. The present data on blood flow and regional lung volumes, and the assumption of an even distribution of ventilation per unit lung tissue volume, were used for a plot of VA/Q against lung height. The resulting curve is shown in the left lower panel in Fig. 9 . Without PEEP a plot of ventilation against VA@ results in a single mode (right lower panel in Fig. 9 ). With PEEP the plot of VA/Q against lung height, assuming an even distribution of ventilation, results in an S-shaped curve. A plot of ventilation against VA/C) shows a bimodal distribution, the second mode comprising high VA/Q. This latter mode is tall and slender, and its exact shape depends on how constant corner vessels flow is at different levels in zone I. An increase in vertical blood flow distribution down the uppermost region, as found in bled dogs (cf. Fig. 5 ) is illustrated by the dotted line in Fig. 9 . This small change in nondependent blood flow results in the disappearance of the bimodal distribution, which is replaced by a single mode, with a wider base than during no-P.EEP conditions.
The great effect on distribution of VA/Q that arises from subtle changes in blood flow in the upper, poorly perfused region is thus evident.
The blood flow distributions vary somewhat between lobes and so do the VA@ distributions. Figure 10 shows the net result of VA/$ distributions summed from all lobes. The calculations underlying these curves were based on the present results, i.e., the average vertical blood flow distribution for each lobe (cf. Fig. 3 ). Ventilation was always assumed to be evenly distributed.
As can be seen, the net result was a smooth bimodal distribution.
Although not a perfect match with the inert gas data, the reconstruction of a bimodal VA/$ distribution from the microspheres data supports the suggestion that the small amount of blood flow in nondependent lung regions during PEEP ventilation causes the second mode of high VA/Q.
Ventilation
To derive the VA/Q distribution from regional lung blood flow data, the assumption was made that ventila- tion was evenly distributed.
However, the distribution of ventilation is normally affected by gravitation, with dependent regions receiving more of inspired gas than nondependent regions (1, 21) . With increasing lung inflation, the difference between dependent and nondependent regions is reduced and inspired gas will become more evenly distributed when lung volume approaches total lung capacity (TLC) (11) . An isolated lung is considered to be at TLC when inflated to a pressure of 30 cmH,O (8) . In the present study a PEEP of 20 cmH,O was applied and the end-inspiratory airway pressure reached on average 49.6 cmH,O. However, an unknown part of the inflation pressure was required to expand the chest wall, so that a completely even distribution of ventilation cannot be taken for granted. But a vertical gradient of ventilation distribution can be shown not to abolish the bimodal distribution of VA/Q (except for a gradient identical to that of blood flow). Rather, it merely affects the size of the two modes.
Gas distribution may also become uneven because of series inequality, a situation in which some gas exchange units inspire from other gas exchange units. For these "parasitic" units, inspired gas levels would not be zero and the series inequality would consequently affect the calculation of \;TA/Q distributions (17 
